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Abstract: Bulk metallic glasses (BMGs) exhibit exceptional strength, hardness and wear 
and corrosion resistance due to their disordered atomic structure. Various Zr-, Ni-, Ti-, 
Cu- and Fe- based BMGs were processed using rapid solidification techniques. However, 
high cooling rates necessary in conventional solidification methods limit the critical 
diameter of the alloy to a few centimeters. Spark plasma sintering (SPS) provides an 
alternate solid-state processing approach without the need for high cooling rates because 
of mechanisms such as Joule heating, making use of pulsed direct current. This enables 
processing of fully dense BMG’s. This technique has been extensively employed to 
process Cu-, Ti- and Zr-based metallic glasses, their composites, and coatings. In order to 
utilize the availability of inexpensive Fe-based metallic glasses with excellent mechanical 
properties, this thesis investigates the processing and evaluation of wear and corrosion 
resistant composites and coatings of Fe48Cr15Mo14Y2C15B6 metallic glass. Spark plasma 
sintered metallic glass composites exhibited anodic polarization in corrosive chloride 
environment and highest wear resistance with 5 vol.% Ni reinforcement. Coatings of this 
metallic glass on Cu-Ni alloy exhibited the lowest wear upon processing just below the 
crystallization temperature. Therefore, this study validates SPS as a promising solid-state 
processing route to manufacture Fe-based metallic glass composites and coatings. 
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CHAPTER I 
 
 
BULK METALLIC GLASSES- PROCESSING AND PROPERTIES 
 
1.1 Introduction  
Metals occupy a prominent role in the development of human civilization, where they can be 
found in every nook and corner of our day-to-day life. The practice of metal extraction and 
forging it in various shapes for application was established a few thousands of years ago. The 
Copper, Bronze, and Iron Ages established primitive methods of metal extraction and processing, 
to meet the day-to-day requirements. One of the most common modes of material extraction and 
manufacturing, i.e. smelting and casting were widely employed during these eras. It was also 
during this period, that the possibility of mixing two or elements was explored, thereby 
developing alloys The effect of alloying elements on the metal properties was further studied 
extensively. For example, one of the important discoveries of Bronze age was tin. This metal held 
significance due to its ability to form an alloy with copper, i.e., Bronze. The use of tin in varying 
quantities in the alloy and the subsequent improvement in material properties and microstructure 
was further studied. This period was followed by the Iron Age lasting from 1500 – 500 B.C. [16] 
The period between 200 - 500 A.D, led to the development of steel as an alloy of Iron. This 
resulted in vast applications of steel in shipbuilding, tool making, and weapon manufacturing, due 
to its high strength. During 1500-1900 A.D, metals such as Aluminum and Titanium were 
discovered and quickly attracted attention due to their properties such as high strength, low 
density, and resistance to corrosion [17].  
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Metals discovered after 1800 such as chromium, beryllium, vanadium, etc. have huge commercial 
importance, owing to their application as alloying elements in order to improve the chemical, 
mechanical and electrical properties of most metals [16].  
To achieve superior performance and improved lifespan, applications demanded materials with 
excellent physical, chemical and mechanical properties. In this quest for materials with superior 
properties, Iron, Titanium, Nickel and other Super-alloys found applications in several 
challenging areas. Furthermore, ceramics, composites, polymers, CNT and other nanomaterials 
were also extensively developed for their thermal, mechanical and anti-corrosive properties. 
These materials exhibit excellent thermal and mechanical properties, along with appreciable 
corrosion resistance and are therefore employed for industrial and automotive applications, to 
cater to the growing demands of durability, strength, and cost optimization [17]. In this regard, a 
new class of materials was discovered in 1960 known as Metallic glass, revolutionized the field 
of material science. These metallic glasses (MGs) exhibit superior strength (often 3 times that of 
conventional metals) and excellent wear and corrosion resistance. This allowed for their 
application in various industries ranging from medical to aerospace.[5] 
This thesis discusses metallic glasses, properties, and potential processing techniques that can be 
employed. Due to limitations in conventional processing methods, alternative methods such as 
laser deposition, powder consolidation, etc. were explored [18, 19]. Of these, spark plasma 
sintering (SPS) has gained significance lately and is employed to manufacture these metallic 
glasses in the present study. Additionally, the use of SPS to manufacture metallic glass 
composites and coatings is also explored in this current study. The wear and corrosion resistance 
of the sintered discs are evaluated to assess their potential engineering application. 
1.1.2 Bulk metallic glasses 
Metallic glasses/amorphous alloys are a novel class of materials that exhibit a disordered atomic 
structure (represented in Fig.1) contrary to that seen in polycrystalline materials. These alloys are 
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prepared by heating the metal to its liquidus temperature and sufficiently undercooling it using 
high cooling rates, sometimes of the order of 106 K/s [20]. This allows the freezing of the molten 
liquid in its solid form without crystallization, thereby giving rise to a metal with disordered 
random structure, known as the amorphous alloy or metallic glass. Due to this lack of ordering, 
these alloys absorb less energy upon deformation. The absence of a crystalline arrangement 
removes the possibility of structural defects, leading to high strength, hardness, toughness, and 
elasticity. All compositions of metallic glasses adhere to three simple rules of mixing, which are 
aimed at preserving the amorphous nature of the alloys. They are:  
a) The size difference between the constituent elements must be greater than 12%; 
 b) All components in the alloy must have a negative heat of mixing;  
c) There must be three or more elements and the alloy composition must be as close to the 
eutectic liquid as possible to facilitate glass formation at low temperatures [20].  
 
Fig. 1 Schematic representation of the atomic structure of (a) Polycrystalline metal, and (b) 
amorphous metal [1]. 
 
The absence of grain boundaries in metallic glasses contributes to their wear and corrosion 
resistance. However, the need for high critical cooling rates to preserve this amorphous structure 
has restricted the size and variation in the structures formed to ribbons, powders, and films, 
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processed using rapid solidification techniques such as melt quenching and die casting. This 
resulted in metallic glasses being produced as just wires and thin films.  
Most metallic glasses although possess high strength, are extremely brittle in nature. They 
undergo sudden failure that is often catastrophic, therefore limiting the use of MGs in structural 
applications. The structural deformation in MGs at room temperature takes place in the form of 
highly localized shear bands. There are two micro-mechanisms that contribute to the deformation 
in MGs- free volume dilatation and shear transformation zones (STZ). The STZs are areas that 
have localized concentration of shear bands and range from 2.5 to 6.6 nm3 in size [5].  
To overcome the brittleness and poor ductility of these metallic glasses, metallic glass composites 
have been developed. These composites consist of an amorphous matrix that is reinforced with 
crystalline phase or amorphous phase. This, in turn, can contribute to the improved wear behavior 
and mechanical properties. However, excessive addition of these reinforcements can make the 
amorphous matrix more brittle than the original metallic glass and further deteriorate the wear 
rate[21]. Due to the limitation put forth by high critical cooling rates restricting the size of the 
metallic glasses, alternate methods to utilize metallic glasses as coating materials are being 
explored. Various thermal spray technologies and electrodeposition methods were used to 
successfully coat metallic glass on crystalline substrates to improve their surface characteristics. 
Although these coatings improved the wear and surface properties of the crystalline alloy, most of 
these coatings were highly porous and only a few micrometers thick. 
 
1.1.3 Spark plasma sintering 
SPS is a new approach that makes use of simultaneous application of electric currents and 
uniaxial pressure to consolidate powders. SPS offers advantages such as the use of relatively high 
heating rates over conventional sintering that allows processing of metallic glass below their glass 
transition temperature.  
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Fig. 2 Schematic of (a) Experimental set-up of spark plasma sintering, (b) die-punch 
arrangement, and (c) raw material used and final product obtained [3]. (Image Reprinted with 
Permission from Springer). 
 
The setup consists of powders placed at the center of a graphite die. The die is compressed from 
both ends using a hydraulic press. The use of graphite dies limits the maximum pressure applied 
to 100 MPa. To obtain higher pressure, WC dies can be employed. The temperature of the 
powder is raised by means of pulsed DC current. This results in Joule heating, which is utilized to 
obtain the desired temperature. Further, the graphite die ensures uniform electrical conduction in 
the powder from all sides. With the application of electric current. localized heating takes place 
on the surface of these particles. This localized heating can produce very high temperatures 
similar to those generated at the core of plasma due to ionized gasses between particles, therefore 
giving this process its name of spark plasma sintering [22]. However, the occurrence of this spark 
is widely debatable and has led to the process being referred to as field assisted sintering 
technique (FAST) or pulsed electric current sintering (PECS).  
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Fig. 3 Densification process and neck formation during sintering [2]. (Image Reprinted with 
Permission from Springer). 
 
Rapid heating can bypass the low-temperature region where sintering is dominated by surface 
transport. Mass transfer on the surface of the powders takes place by means of diffusion. This 
plays an important role in the densification of the alloy. Densification of the powder compact 
takes place during the heating of the particles as represented by the mechanism in Fig. 3. The 
powders undergo Joule heating, wherein the current travels across a path of least resistance, 
offered by the contact points between adjacent particles. The electric discharges on the surface 
produce a cleaning effect, by eliminating any oxide layers or impurities absorbed by the powders. 
Simultaneous application of mechanical compression leads to compaction and deformation of the 
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powders. This results in diffusion bonding. The initial stage of sintering results in compacts with 
high porosity. As temperature increases, the rate at which grain boundaries diffuses increases. As 
the activation energy for surface diffusion is low during the initial stages, mass transfer takes 
place in this mode, instead of other mechanisms. It was also found that densification rate is high 
during initials stages of sintering, leading to complete densification at lower temperatures [23-
25].  The mass flow follows a path along the boundary and tends to get concentrated at the point 
of contact between the particles. Although the pores exhibit a pinning effect initially, this 
contributes to arresting the grain size of the compact at the final stage [26]. Further, the applied 
pressure during sintering was found to be amplified at the point of contact between powder 
particles, thereby contributing to enhanced densification of the compacts. Therefore, pressure and 
temperature simultaneously contribute towards sintering in very low cycles, producing compacts 
with near complete density of that of the alloy [27].  The mechanism of sintering can be precisely 
understood using Johnson-Mehl-Avrami-Kolmogorov theoretical framework and the rate of 
densification can also be predicted in the viscous flow regime of powders [28]. 
In the case of metallic glasses, SPS offers the advantage of processing metallic glasses at low 
temperatures typically below the glass transition temperature of the alloy. This allows the 
retention of the amorphous phase to the maximum extent possible. In addition, SPS allows 
sintering of compact discs with a density similar to that of the as-cast alloy. Although the sintered 
discs possess mechanical properties on par with the as-cast alloy, the tribological and corrosion 
resistance needs to be evaluated for their use in engineering applications. 
1.1.4 Wear 
Wear is defined as ‘damage or deformation of surfaces that results in eventual loss of material’. 
Mechanical loading, moving components, fatigue failure, and loss of vibrational damping are 
some causes of friction that result in wear of materials. Although the wear of surfaces can be 
effectively controlled by sufficient lubrication, gradual depletion of lubricants must also be 
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considered to prevent excessive wear. Based on the interaction between two surfaces, two body 
wear or three body wear can take place. Some of the most common types of wear found in 
materials are sliding, rolling and impact wear schematically represented in Fig. 4. These can be 
explained by different wear mechanisms such as abrasion, adhesion, tribo-chemical, oxidative, 
and erosive wear to name a few. Wear is a complex phenomenon that often involves one or more 
mechanism. These different types of wear are further discussed in detail [29].  
 
Fig. 4 Experimental set-up of various types of wear test rigs [3]. (Image reprinted with 
permission from ELSEVIER) 
 
Sliding wear often results between interacting surfaces that are in relative motion with each other. 
As surfaces interact, sliding wear occurs and can take place with or without lubrication. In the 
presence of lubrication, lubricated wear takes place whereas, without lubrication, dry sliding wear 
takes place. However, in the presence of a hard particle between the surfaces or in the surface 
topography of one of the materials, may result in abrasion causing more wear. During wear, the 
debris generated can lead to abrasion of surfaces thereby resulting in accelerated wear loss and 
increased wear. This can result in abrasive wear of the material. Adhesive wear occurs due to the 
transfer of material from one surface to the other. It is characterized by high wear loss and 
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unstable coefficient of friction [29]. Plastic shearing of successive layers of materials is a 
common observation during wear. Propagation of shear cracks underneath the surfaces has also 
been observed that eventually results in delamination of material. The mechanical interaction 
between the surfaces plays a major role in this type of wear mechanism. On the other hand, 
thermal reactions on the surface result in oxidative wear, which involves the formation of a 
protective oxide tribo-layer due to localized surface heating. Although the oxide film contributes 
to reducing wear, the eventual breakdown of the film further increases wear due to abrasion of the 
surface by the oxide particles released from the film. The wear mechanism is governed by the 
Archard’s wear equation that correlates wear coefficient ( K ) with the normal load applied ( W ), 
sliding distance, volume wear loss (Q ), and hardness of the material ( H ) [30]. 
𝑄 =
𝐾𝑊
𝐻
…………………. (1) 
 
The damage on the surface due to wear is described in terms of scuffing, scoring, galling, 
plowing etc. Scuffing is used to refer to localized wear that is often associated with solid-state 
welding of particles on the surface. It is also referred to a breakdown in lubrication that results in 
localized wear. Scoring although synonymous with scuffing describes scratching of surfaces by 
abrasive particles. Galling is used to describe surface damage occurring in large scales. This can 
be a direct result of low sliding speeds on roughened surfaces marked by displacement of the 
large volume of material across surfaces [29]. 
Although the above theory can be used to explain wear in most conventional metals, wear in 
metallic glasses takes place in two stages. The initial stage is called the running-in stage where 
the material loss is either high or low. This is due to the initial interaction between the counter-
body and the test sample. As the test progresses, a steady-state is achieved where the material loss 
decreases with sliding distance and eventually stabilizes. However, inclusions during 
solidification or presence of hard particles in the matrix have found to significantly affect the 
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wear behavior of these metallic glasses. Crystallization of wear debris with prolonged sliding 
distances and re-amorphization of this debris was also reported. Formation of a protective oxide 
layer, due to localized heating during wear tests is also reported as a common observation [21]. 
1.1.5 Corrosion 
The corrosion resistance of a metal can be explained as the electrochemical response of a metal in 
a highly conductive medium. The reaction takes place between an anode and a cathode, where 
oxidation occurs at the anode and reduction occurs at the cathode. This oxidation thereby leads to 
corrosion of the anode. Various forms of corrosion have been identified based on the reaction 
between the metal and the surrounding media. Of these, pitting, crevice corrosion, dealloying, 
stress corrosion cracking are some common forms found in most engineering applications [31]. 
The corrosion resistance and corrosion behavior of the material are evaluated using tests such as 
immersion corrosion, salt spray, and salt fog, and potentiodynamic tests to name a few. Cyclic 
polarization testing can be effectively used to study the corrosion behavior of a metal in an active 
corrosion media. These cyclic polarization tests have been used to study localized corrosion of 
metals, due to both anodic and cathodic polarization mostly. This can be studied using their 
polarization potentials. These tests are conducted on a measured area of the sample that is 
exposed to the corrosion media. The potentials plotted against current density result in a cyclic 
loop [32]. 
The cyclic plot of the cyclic polarization tests is plotted as seen in Fig. 5. These plots sometimes 
show evidence of anodic polarization displayed in the figure, marked by the constant increase of 
the anodic potential to a certain value. In such cases, this region can be termed as the passive 
region. The sudden increase in potential could be a result of various chemical and environmental 
factors or possibly indicate the development of a protective film on the surface constituting 
corrosion products. After a certain time, the potential stabilizes where the plot transcends into a 
trans-passive region. The transition between the passive and trans-passive the region is marked by 
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breakdown potential (Ebd). The curve eventually records negative potential tracing the curve back 
to its corrosion potential region, thereby completing the cycle [33]. 
In the case of metallic glasses, their superior corrosion resistance is primarily attributed to their 
atomic arrangement. However, in some alloys, the composition was also found to significantly 
influence the corrosion behavior of the metallic glass. The presence of elements such as Ta, Cr, 
Mo etc. that are susceptible to forming a protective oxide layer improved the corrosion resistance 
of metallic glasses [12, 14, 34]. This property of the metallic glasses is further explored and 
discussed in detail in the following sections. 
 
 
Fig. 5 Potentiodynamic polarization curves representing (a) passive and transpassive regions, and 
(b) cyclic polarization curves [4]. (Image reprinted with permission from ELSEVIER) 
 
.   
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1.2 Literature Review 
The first metallic glass was discovered in 1960 at Caltech, by Dr. Johnson and his research group. 
A binary metallic alloy Au80Si20 was rapidly quenched using 106 K/sec, resulting in the formation 
of opaque, gray, shiny and smooth metal solidified at its glass transition temperature. Due to this, 
the metal is brittle, although less than oxide glass.  Among the many metallic glass alloys 
developed Zr-, Pd-, Ti-, Ni, Fe-, Ni-based metallic glasses are a few that were widely popular due 
to their ease of glass formation and properties such as high strength, hardness, toughness, superior 
wear and corrosion resistance to name a few.  
1.2.1 Zr-based metallic glass alloys and composites 
Zr-based metallic glass with composition Zr41.2Ti13.8Ni10Cu12.5Be22.5 known as Vitreloy 1, exhibits 
excellent glass forming ability with a viscosity of 100 poise and a fragility index of 18.5. This 
alloy possesses a supercooled liquid region of 135K, which allows its casting in various sizes and 
shapes. Due to this, this alloy has found applications as implants, Golf club heads, electronic 
casing and sensors as displayed in Fig. 6. This resulted in reduced crystal nucleation and growth, 
due to the reduced atomic arrangement in the undercooled liquid region between Tg and TL, 
which in turn allowed the alloy to be cast into parts utilized for commercial equipment such as 
golf clubs, metal pipes, and nets [5]. In addition, a study of the tribological properties of this 
material revealed that these materials display a low coefficient of friction under dry sliding 
conditions. The wear surface mostly exhibited inhomogeneous plastic deformation with abrasive, 
adhesive and oxidative wear resulting in micro-cutting and peeling off [26]. The metallic glass 
when tested in both dry and wet sliding conditions exhibited the lowest wear rate for dry sliding 
while recording the highest wear rate for tests run with 30 % hydrogen peroxide as a lubricant. 
Adhesive wear was observed with the transfer of material from sliding disc to metallic glass 
alloy, with metallic glass tested during lubricated wear recording a positive weight loss. This is a 
typical indication of oxidative wear, with the formation of an oxide layer on the surface of the 
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metallic glasses. The wear mechanism was observed to change from plastic deformation, 
indicating abrasive wear for dry  
 
Fig 6 Vitreloy 1 bulk amorphous metal used to fabricate (a) metal pipe, (b) tungsten reinforced 
metal amorphous composite rod, (c) cast into net shape, and (d) golf club [5]. (Image Reprinted 
with Permission from Springer). 
 
sliding conditions to a mixture of abrasive and oxidative wear resulting in peeling off of surfaces 
for lubricated sliding conditions 
The crystallization, mechanical properties and glass forming ability of Zr52.25Cu28.5Ni4.75Al9.5Ta5 
metallic glass were studied by adding Ta (5 at %) to Zr55Cu30Ni5Al10 alloy. The addition of 3.2 % 
Ta resulted in the improved thermal stability of the alloy by increasing the glass transition 
temperature and crystallization temperature by 20 K. However, the Tg/Tm did not change 
significantly. Furthermore, with an increase in the size of the as-cast samples, it was observed that 
Ta induced a composition segregation layer around the particles leading to the increased 
precipitation of Zr2Cu during solidification resulting in reduced ductility. Also, when the 
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compression behavior of the alloy with Ta was analyzed, it was observed that the fracture plane 
has an angle of 31–33° when compared to 42–43° for that of the original metallic glass as seen in 
Fig.7 [6]. 
 
Fig. 7 SEM micrographs of the Zr52.25Cu28.5Ni4.75Al9.5Ta5 alloy after compressive loading (a, b) 
angle of shear fracture failure during compression, and (c, d) fracture surface showing the 
homogeneous distribution of Ta particles [6]. (Image reprinted with permission from ELSEVIER) 
 
The deformation of metallic glasses is through shear band propagation. The formation of these 
shear bands is considered a result of the degraded stress-bearing capacity of the material with an 
increase in plastic strain. These internal strains can be produced due to tension, bending or 
torsion. The study of this shear band propagation was carried out with stress being applied in 
different directions. It was observed that the spacing and orientation of these shear bands were 
largely dependent on the mode and plane of stress created. Certain shear bands exhibited 
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multiaxial stress fields that in turn resulted in the creation of secondary shear bands [35]. To 
restrict the propagation of these shear bands, in situ or reinforced bulk metallic composites have 
been developed.  
A possible example of metallic composites would be the that of CNT distributed in a matrix of 
Zr52.5Cu17.9Ni14.6Al10Ti5. The CNT powder was homogenously distributed and resulted in the 
formation of a ZrC indicating reaction between the CNT and metallic glass matrix. Although the 
glass transition temperature did not change, the onset of crystallization shifted to a slightly higher 
temperature, indicating that composite with CNT has a different crystallization behavior. The 
composite recorded higher viscosity, elastic modulus and hardness due to the addition of CNT. A 
marked decrease in density allows the composite to be used in manufacturing lightweight 
materials [36]. A two-phase metallic glass with composition Zr63.8Ni16.2Cu15Al5 (in at. %) was 
tested in compression. Micropillars of 3.8,1 and 0.7 μm were fabricated and tested in compression 
using strain rates of 10 -4 to 10-2 s-1. The yield strength of these micropillars was recorded to be 
1992–2972 MPa, approximately 1600 MPa higher than that of the bulk samples. It was deduced 
that as the size of the sample decreases, the defect population reduces thereby increasing the 
strength of the metallic glass [37]. 
 Another Zr48.5Cu46.5Al5 bulk metallic glass composite was prepared by reinforcing the matrix 
with martensite plate and other phases such as nanocrystalline Zr2Cu and plate-like Cu10Zr7 
compounds. Compression tests performed on these samples displayed a yield strength of 1640 
MPa with a plastic deformation of 6.4 %. Analysis of fracture surface has resulted in shear bands 
oriented at an angle of 45° to the shear plane. It was deduced that the micrometer-sized CuZr 
phase underwent strain hardening, preventing shear band propagation as seen in Fig. 8(d) and 
thereby improved plasticity [7]  
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Fig. 8 Micrographs of metallic glass samples exhibiting (a) martensitic structure in SEM image; 
(b) parent phase and martensitic phase, (c) micro-twins, and (d) crystalline phases distributed in 
the amorphous matrix as seen from TEM images [7]. (Image reprinted with permission from 
American Institute of Physics (AIP)). 
 
1.2.2 Ti-based metallic glass alloys and composites 
Ti-based metallic glasses were extensively developed due to their excellent strength and corrosion 
resistance. The alloy with composition Ti65-xZrxBe18Cu9Ni8 (x=10 to 15) was successfully cast 
into cylinders of diameter up to 6mm using injection casting. As the Zr content increased, the 
glass forming ability of the alloy improved due to a significant difference in atomic size between 
Zr and other constituent elements. In addition, alloys with greater than 50 % Ti recorded high 
specific strength along with high Vickers hardness in the range of 600-700. [38]. 
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Most Ti-based metallic glass alloys have exhibited high strength, low elastic modulus, and good 
corrosion resistance. With studies focused on improving the GFA of these alloys, Ti-based 
metallic glassess and metallic glass composites can be widely used as biomedical devices and 
implants. Numerous studies have shown that addition of elements such as Sn and Be has not only 
improved the tensile strength of the alloys but has also increased the critical diameter for the bulk 
alloy with a single amorphous phase. In addition, Sn was found to improve the glass forming 
ability of Ti-based metallic glasses and thereby significantly affecting its crystallization behavior 
by forming icosahedral nanocrystals. However, the presence of Ni, Be, and Al in these alloys 
makes it impossible to use these alloys as potential materials for bioimplants, due to their 
detrimental effect on the human body.  
 
Fig. 9 The fracture surface of Ti44.1Zr9.8Pd9.8Cu30.38Sn3.92Nb2 alloy under compression exhibiting 
(a) crack propagation with shear bands, and (b) vein patterns [8]. (Image reprinted with 
permission from ELSEVIER) 
 
 Alloy ingots with composition Ti0.45Zr0.1Pd0.1Cu0.31Sn0.4)100 − xMx (at. %)(M: Ta and Nb, x = 1, 2, 
3, 4, 5) were prepared. Ribbons and cylindrical samples were prepared by copper mold casting. 
These alloys exhibited good thermal stability and large supercooled liquid regions indicating 
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good glass forming ability. In particular, Ti44.1Zr9.8Pd9.8Cu30.38Sn3.92Nb2 alloy exhibited excellent 
GFA and a critical rod diameter of 5mm. The compressive strength of this alloy resulted to be 
1990 MPa, higher than conventional crystalline Ti alloys or Ti–6Al–4V alloy. The failure of the  
 
Fig. 10 Ti44.1Zr9.8Pd9.8Cu30.38Sn3.92Nb2 alloy exhibiting anodic polarization in 1 mass% lactic acid 
electrolyte: (a) phosphate-buffered saline without calcium and magnesium salts solution, (b) 
Hank's balanced salt solution without calcium, magnesium, and phenol red, and (c) in solutions 
open to air at 310 K [8]. (Image reprinted with permission from ELSEVIER) 
 
the alloy is due to shear band propagation as seen in Fig.9.The formation of vein-like patterns on 
the fracture surface indicates the ductile behavior of the alloy during compression. The alloy also 
exhibits high corrosion resistance with a wide range of passivity. The current densities of the 
alloy was approximately 10− 2 A m− 2 in 1 mass% lactic acid, 10− 3 A m− 2 in PBS(−) and 10− 2 A 
m− 2 in HBSS aqueous solutions open to air, which was lower than Ti and Ti-6Al-4V alloy as 
seen in Fig.10 making it an ideal material to be used in dental implants [8]  
The failure analysis of these Ti-based metallic glasses, when tested in cryogenic temperatures 
revealed that by decreasing the test temperature, shear band propagation can be controlled and 
branching of shear bands can take place during fracture. This can result in the improved plasticity 
of the metallic glass, thereby promoting opportunities for application of these metallic glasses as 
high-performance structural materials. DSC studies revealed that during plastic deformation 
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atomic dilation occurs due to the localization of plastic strain. As a large portion of atoms will be 
mobilized, local displacements will enhance this diffusion and atomic mobility thereby promoting 
crystallization. In addition, localized heating within shear bands was observed during plastic 
deformation, leading to crystallization in areas surrounding the shear bands. Therefore, testing or 
use of these materials in low-temperature surroundings, suppresses growth and propagation of 
these crystalline phases, resulting in improved plasticity and enhanced strength [39]. 
Although most Ti-based metallic glasses have exhibited good corrosion resistance, not all alloys 
can resist pitting, therefore restricting the use of these alloys as potential biomedical applicants. 
Ti-based metallic glass with composition Ti43.3Zr21.7Ni7.5Be27.5 (at.%) was tested in phosphate-
buffered saline solution with a dissolved oxygen content of physiological relevance. The alloy 
exhibited passive open circuit potential behavior with a relatively low mean corrosion penetration 
rate that was comparable to 316L and metallic glass of other composition. The samples exhibited 
many microscopic pits scattered on the surface in addition to large pits. The location of these pits 
was associated with the inhomogeneous amorphous matrix. In addition, microstructural 
inhomogeneities incorporated during casting, such as voids or heterogeneous impurities 
incorporated such as oxides also promote severe pitting of the surface. 
The stable passive film formed on the surface also breaks down due to defects, resulting in 
penetration of the film due to severe chloride ion attack [40]. However, most metallic glasses 
exhibit superior corrosion resistance due to their inhomogeneous structure. Also, the formation of 
a protective surface film was observed in most studies, resulting in enhanced protection from 
corrosion of these composites. Electrochemical studies of Ti45Zr10Pd10Cu31Sn4 metallic alloy 
exhibited high corrosion resistance after immersion in 3 mass % NaCl, 1 N H2SO4, and 1 N 
H2SO4 + 0.01 N NaCl solutions. The single phase chemically homogenous structure was 
attributed to the superior corrosion resistance of the alloy. XPS studies performed on the 
immersed samples have recorded the presence of a highly protective surface film that is rich in Ti 
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and Zr ions. The performance of the alloy was compared after immersion in NaCl and HCl 
solutions. Although both solutions were rich in Cl ions, the dissolution of the alloy was severe in 
HCl solution when compared to the other. This was credited to the stability of the surface film 
formed and its constituents.  
 
Fig. 11 Corrosion behavior of Ti45Zr10Pd10Cu31Sn4 alloy in different electrolyte solutions, 
compared with other metallic glasses [9]. (Image reprinted with permission from ELSEVIER) 
 
The presence of Cu cations in the surface film has led to poor stability of the protective film 
formed and thereby causing excessive alloy dissolution in HCl solution as seen in Fig. 11. It was 
also observed that accumulation of non-protective corrosion products on the surface of the film 
can lead to increased thickness of the film albeit degraded corrosion resistance. Therefore, for the 
alloy to have superior corrosion resistance, the thickness and concentration of the surface film 
formed to play a major role [9]. 
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Ti-based metallic glass composites reinforced with a crystalline phase have shown improved 
mechanical properties. However, excessive addition of crystalline phase has resulted in increased 
brittleness of the matrix. Ti40Zr29Cu8Ni7Be16 alloy was reinforced with in situ quasicrystals 
produced by annealing. The size of these quasicrystalline precipitates was 5-10 nm and was 
homogeneously distributed throughout the matrix Mechanical properties of these composites 
were evaluated using compression tests and compared with that of the as-cast alloy. The yield 
strength and global strain of the annealed composite were 2038 MPa and 6.2% while that of the 
as-cast alloy was 1893MPa and 5.1%. By the precipitation of these icosahedral quasicrystals, the 
hardness of the composites was also found to improve. However, with an increase in the volume 
fraction of these crystals beyond 7%, the plastic strain of the composite decreased. As the shear 
deformation of these metallic glasses takes place by localized shear band formation, a 
simultaneous increase in strength and global strain of the partially crystalline alloy can be related 
to the formation of shear bands. However, the quasicrystals can act as both sites of nucleation as 
well as barriers for shear band propagation. But due to the negligible difference in size between 
the amorphous phase and the quasicrystalline phase, the interface between the two displays a 
dense atomic configuration along with a gradual transition between the amorphous and 
quasicrystalline structure devoid of unwarranted vacancies. This stability of the interface prevents 
shear band propagation, encouraging branching of multiple shear bands generated thereby 
improving the strength and ductility [41]. 
Furthermore, it has been reported that the size of these reinforcements and their dispersion also 
play a major role in the plastic deformation of the composites. The presence of dendritic 
reinforcements that are few micrometers in size throughout the alloy has resulted in 
perturbances along these shear bands. The shearing off of these shear bands was successfully 
prevented by the crystalline reinforcements in the dendritic phase, providing significant work 
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hardening and thereby resulting in the homogeneous deformation of the alloy. The ductility of 
these composites was improved by nearly 6% plastic strain before failure [42]. 
1.2.3 Ni-based metallic glass alloys and composites 
The foremost concern of any metallic glass alloy is to obtain high glass forming ability by 
achieving as high an undercooled liquid region as possible. The NiTiZr alloy was modified by 
adding small amounts of Sn and Si, replacing Ti. For the Ni57Ti23−xZr20(Si, Sn)x alloy it was found 
that with the addition of Sn by 5 %, the glass forming ability of the ability of the alloy increased 
by 33 K due to the variation of Tg and Tx as seen in Fig. 12. This was observed to be a result of 
the large atomic size of Sn atoms that disrupt phase formation. However, with further additions of 
Si, the GFA was found to increase to as high as 50 K. This was due to the negative heat of mixing 
between Si and Ni. It was also reported that Tg of the alloy increased with the addition of Si due 
to the strong bonds formed between Si and its constituent elements. However, the change in Tx 
was the only nominal with the addition of Si beyond 5 %. Furthermore, the Ni57Ti18Zr20Si5 alloy 
had the lowest liquidus temperature, making the liquid phase of the alloy relatively stable. This 
allowed the alloy to be undercooled to much lower temperatures using relatively low cooling 
rates when compared with other alloys. This allowed the fabrication of amorphous rods of 2 mm 
in diameter using copper mold casting. Also, the heat treatment of these rods in the undercooled 
region improves the viscosity of these alloys and allows them to be shaped by injection molding 
[10].  
The Ni–Nb-Ti–Zr system also reported a 51 K of the undercooled liquid region with the addition 
of Co and Cu. Although this is in accordance with other Ni-Ti-Zr alloy systems, this alloy  
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Fig. 12 Variation in Tg and Tx with Si content in the Ni-based metallic glass as displayed in DSC 
analysis [10]. (Image reprinted with permission from Cambridge University Press). 
 
exhibited excellent mechanical properties during tensile and compression tests. The tensile 
fracture strength was 2700 MPa, Young's modulus of 140 GPa and elongation in tension was 
2.1%. The compression tests reported compressive fracture strength of 3010 MPa and elastic 
elongation of 2.4%. The tensile fracture strength was believed to be highest for all metallic 
glasses reported to date. The tensile fracture strength of this alloy was investigated as a factor of 
Tg or Tm. As Tg or Tm is majorly influenced by the bonding forces of the constituent elements, it is 
believed that such high tensile fracture strengths are a direct result of the strong bonding between 
the elements Ni, Nb, Ti and Zr that constitute a most of the composition. The negative heats of 
mixing between Ni-Nb, Ni-Zr, Ni-Ti systems attest to this theory. In addition, the improved 
ductility of the alloy is due to the zero heat of mixing between Nb-Zr, Zr-Ti, and Nb-Ti. Also, due 
to the atomic size between Nb/Ni, Zr/Ni, Ti/Ni, Zr/Nb, Zr/Ti being greater than 1and atomic 
bonding nature , the alloy components can be credited to the exceptional glass forming ability and 
high strength with a balance of attractive and repulsive bonds between them. This has resulted in 
casting an alloy of 3 mm in diameter with copper mold casting [43]. 
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A comparison of the abrasive wear behavior of metallic glasses with polycrystalline metals can be 
seen in Fig. 13. Although most metallic glasses have exhibited excellent wear resistance when 
compared to commercial crystalline alloys, Ni-based metallic glasses of compositions Ni91Si7B2 
and Ni72.5Cr18.5Si7.5B1.5 reported high wear rates when tested for two-body abrasive wear 
characteristics. The wear tests were performed for reciprocating and uni-directional wear 
followed by indentation tests on the worn surface.  The specific wear rate of these two alloys, 
when compared with that of 304 stainless steel, is relatively high. The Ni91Si7B2 metallic glass 
displayed higher wear than the other. However, although the overall wear in stainless steel was 
higher at the beginning, it gradually decreased and stabilized to that of the Ni91Si7B2 amorphous 
alloy. While SEM micrography and acoustic emission studies of worn surfaces were carried out, 
it was observed that most metallic glasses exhibit arc-like features that extend into grooves on the 
scratch surface. However, Ni-based metallic glasses displayed complete cracking of the material 
on the surface. The microcracks or arc-like features in most Fe based metallic glasses are 
attributed to the poor ductility of these alloys in tension. These features formed due to brittle 
fracture are comparable to those found in most ceramics. A material pileup in some areas also 
indicates micro cutting and micro-plowing action of the indenter. Features such as grooves, 
micro-cutting, and micro-plowing have also been observed in the stainless-steel sample. 
Inspection of scratch surfaces during tests using acoustic emission resulted in the generation of 
tensile micro-cracks. However, these cracks were not observed in the stainless-steel sample. It 
can be concluded that although metallic glasses exhibit high strength and hardness, they result in 
excessive two-body abrasive wear [11]. 
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Fig. 13 Comparison of abrasive wear of various Ni-based metallic glasses with a few poly-
crystalline alloys [11]. (Image reprinted with permission from ELSEVIER). 
 
The electrochemical behavior of these Ni-based alloys resulted in low corrosion rates with these 
alloys displaying high corrosion resistance. Ni-Nb-Ta-P alloys in particular exhibited high 
corrosion resistance in particular with being immune to pitting due to anodic polarization. This 
was found to be due to the presence of Tantalum in the alloy composition. The cyclic polarization 
curves of Ni-Nb-Ta-P alloys that are 1mm and 2mm in dia, in the presence of 12 M HCl solution 
can be seen in Fig. 14 and Fig.15 respectively. Pure tantalum has also exhibited low corrosion 
rates on par with this alloy. It is interesting to note that Ni-35Nb-5Ta)0.95-5P alloy was fully 
amorphous despite not exhibiting a distinct glass transition. Alloys with greater than 30 % 
tantalum displayed diffraction peaks associated with crystalline phases. The most common 
crystalline phases were found to be Ni3Nb, Ni3Ta, and NiP. The corrosion rates of the bulk 
alloys and melt spun ribbons were comparable to each other and extremely low. These alloys 
recorded the presence of a thick black colored corrosion film that may have resulted in low 
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corrosion rates. Further tests have resulted in the passive layer being rich in Ta, thereby 
improving the corrosion resistance. With even minor additions of Ta, the corrosion rates 
significantly decreased.  However, alloys with 2 mm in diameter, containing greater than 20 % Ta 
and crystalline phases exhibited extremely high corrosion rates. In addition, the increase in Ta 
content leads to a decrease in anodic and cathodic current densities, subsequently leading to non-
responsive open circuit potential. Although the passivated alloys displayed a passive current 
density less than that of the tantalum alloy, the cathodic current density for oxygen is higher than 
Ta resulting in a passive film forming on the alloy. It was concluded that Ta addition in certain 
amounts was necessary to improve the corrosion resistance in HCl acidic solution [12]. 
 
Fig. 14 Cyclic polarization curves of 1mm dia Ni-based metallic glass alloys with varying Ta 
content in HCl solution [12]. (Image reprinted with permission from ELSEVIER). 
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Fig. 15 Cyclic polarization curves of 2 mm dia Ni-based metallic glass alloys with varying Ta 
content in HCl solution [12]. (Image reprinted with permission from ELSEVIER ).  
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1.2.4 Fe based metallic glass alloys and composites 
Amorphous ribbons of composition Fe77Al2.14Ga0.86P8.4C5B4Si2.6 were ball milled to produce flaky 
powders. These powders were cold consolidated using high-pressure torsion to produce discs 
with 9 mm in diameter. The Sem micrographs of the starting powders and the consolidated discs 
are presented in Fig. 16.  It is clearly evident from the image that the alloy underwent significant 
strain due to torsion, that has in turn induced changes in the short-range order. This has caused 
the formation of nano-crystallites dispersed in the overall amorphous matrix without any signs of 
major crystallization. Thermomagnetic gravimeter (TMG) analysis of the ribbons and discs 
revealed a reduction in Curie temperature for the amorphous discs whereas an enhanced curie 
temperature was recorded for the ribbons.  The Curie temperature was found to reduce 
significantly due to the crystallites formed in small sizes. 
 
Fig. 16 Microstructure displaying (a) metallic glass powders formed after ball milling, and (b) 
surface of the disc fabricated using HPT [13]. (Image reprinted with permission from 
ELSEVIER). 
 
 It is believed that the presence of Fe2B crystals has caused an increase in the magnetic weight of 
the discs beyond T>620 K. Also, these crystallites were credited to the increase in thermally 
induced magnetic fluctuations. The saturation magnetization of the two discs was similar with the 
discs recording higher coercivity than the ribbons. This increase was attributed to the structural 
inhomogeneities induced or the oxygen contamination during ball milling. The amorphous discs 
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recorded high hardness over the ribbons which can be attributed to the large amount of micro-
strain along with the small amount of crystallite size in the discs as a result of the HPT process. 
The reduction in self-diffusion due to the high diffusion rate in the HPT process in addition to the 
flaky shape of the particles resulting in the dense packing of the powders may have also resulted 
in enhanced mechanical properties [13]. 
Fe based metallic alloys, in particular, have been explored as possible coatings by use of various 
coating techniques such as electro-spark deposition, high-velocity oxy-fuel spray, air plasma 
sprays to name a few. Fe48Cr15Mo14Gd2C15B6 alloy coatings were deposited on a 304 Stainless 
steel substrate using electro-spark deposition. The coatings were reported to be fully amorphous 
with a thickness of 30 μm and micro-hardness of 1540 HV. Although there was no considerable 
diffusion reported between the coating and the substrate, the coating was strongly bonded with 
the substrate without any microcracks or gaps. It is believed that the large size of Gd atom, along 
with negative heats of mixing between elements that constitute the alloy has favored the 
formation and retention of amorphous coatings with the above composition [44]. 
The constituent elements of Fe based metallic glasses play a prominent role in the GFA of the 
alloy. In some cases, these elements are also vital in improving the corrosion resistance of the 
alloys. For the Fe69.9−xC7.1Si3.3B5.5P8.7CrxMo2.5Al2.0Co1.0 (x = 0, 2.3, 12.3) alloy, it was found that 
the glass transition temperature, onset crystallization temperature increased with Cr content in the 
alloy. However, with an increase in Cr, ΔTx of the alloy decreases, thereby resulting in reduced 
glass forming ability of the alloy. The liquidus temperature of the alloy increases with an increase 
in Cr content, which results in the alloy composition to move away from the eutectic composition 
range, thereby resulting in a decrease in GFA of the alloy. The electrochemical behavior of the 
alloy in 0.5 M H2SO4 and 1N HCl were assessed with varying Cr content. It was found that the 
corrosion resistance of the alloy increased with Cr content, with 12.3 % Cr in the alloy offering 
better resistance that austenitic stainless steel. Cr is known for forming a passivating film that  
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Fig. 17 Microstructures of corroded surfaces with (a) 0, (b) 2.3, (c) 12.3 % Cr, and (d) SUS304 
alloy in 1N HCl solution [14]. (Image reprinted with permission from ELSEVIER). 
 
prevents the dissolution of surface elements below the film, thereby offering high passivation 
potential. This is clearly visible in the SEM micrographs of the corroded surfaces presented in 
Fig. 17. In addition, surface homogeneity is believed to have contributed to the superior 
resistance. The absence of grain boundaries, twins, dislocations, and impurities lead to structural 
homogeneity, resulting in avoiding micro-cells and pitting and in turn contributing to the 
formation of a stable passive film [14]. 
Fe based metallic glasses are known to be extremely brittle resulting in sudden failure that can be 
catastrophic and thereby has limited structural applications despite superior wear resistance. 
Although these metallic glasses exhibit excellent wear resistance, their tribological performance 
at elevated temperatures has been relatively unexplored. Sliding wear behavior of 
Fe66.7C7.0Si3.3B5.5P8.7Cr2.3Al2.0Mo4.5 metallic glass was evaluated. The alloy exhibited a yield 
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strength of 3400 MPa under compression at room temperature. The chemical and mechanical 
interaction between the sliding pin and metallic glass, both contribute to the wear behavior of the 
metallic glass at high temperatures. It was observed that with an increase in temperature up to 810 
K, the wear loss decreased up to 790 K and then increased further as the temperature went up. At 
all loads, wear loss at 790 K and 810 K was lowest than that recorded at other temperatures. This 
change can indicate a transition in wear behavior from brittle to fracture or oxidation 
mechanisms. The friction coefficient at lower temperatures recorded a high value in the beginning 
but stabilized later with sliding speed. As the temperature increased, the friction coefficient 
decreased due to high deformation rate of viscosity in the supercooled liquid region. The 
microscopic analysis of the wear track revealed abrasive wear in the metallic glass due to the high 
amount of oxygen in the tribo-layer acting as the media. Due to high temperature, the elements in 
the metallic glass alloy tend to form oxides that appear as bright particles on the surface. These 
particles in turn act as abrasive media resulting in grooves and plowing phenomenon on the 
surface of the metallic glass. In addition, plastic deformation on the worn surface was also 
indicated by the presence of grooves, tears, and voids on the metallic glass [45]. 
Fe based metallic glasses were developed as composites and composite coatings by reinforcing 
with hard crystalline phases. A mixture of Fe68.8C7Si3.5B5P9.6Cr2.1Mo2Al2 (at. %) metallic glass 
powder and the B4C powder was spray coated on mild steel substrates using plasma spray. It was 
observed that the wear behavior of the coating greatly improved by embedding B4C in the 
relatively soft matrix. The hardness of the composite increased which in turn contributed to the 
inhibition of plastic flow. This has resulted in low friction coefficients and low wear losses.  B4C 
acts as solid lubricant resulting in low two-body abrasive wear. The worn surface was 
characterized by the presence of grooves and cracks. As plasma sprayed coatings are very porous 
in nature, these pores may have caused formation and propagation of cracks. Although metallic 
glasses and metallic glass composite coating has shown signs of plastic deformation, in the 
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composite coating the deformation was limited to within the B4C particle in the amorphous 
matrix. The worn surface displayed elongated and deformed metallic glass coating ( as seen in 
Fig. 18 (a)), that is a characteristic of the superplastic of the metallic glass during wear. This 
plastic deformation may have also been caused due to increase in glass transition temperature to 
that of crystallization temperature during wear [15]. 
 
Fig. 18 SEM micrographs of (a) worn surfaces of amorphous alloy coating with 0 % B4C, and ( b, 
c ) magnified images of areas marked in (a) [15]. (Image reprinted with permission from 
ELSEVIER ).
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1.3 Hypothesis and Objectives 
1.3.1 Bulk metallic glasses as coatings 
Cu-Ni alloys are one of the most widely used materials in the field of marine engineering [46, 
47]. From ship hulls to seawater tankers, desalination plants, piping in hydraulic suspension 
systems, and offshore oil rigs, numerous applications can be found due to their excellent 
corrosion resistance and resistance to biofouling [48]. Although these alloys have good strength, 
surface deformation on the application of load limits their applications in mechanical 
components. To utilize Cu-Ni alloys in manufacturing mechanical components, it is important 
that their wear resistance is improved to avoid frequent refurbishments. While several surface 
engineering approaches are available to improve the wear resistance of metallic substrates, it is 
challenging to find processes and coating materials that improve wear resistance without 
sacrificing corrosion resistance for marine applications.  
Amorphous alloys are known to exhibit higher strength, hardness, and wear and corrosion 
resistance when compared to their polycrystalline counterparts. This can be attributed to the 
defect-free disordered atomic structure found in amorphous materials [21]. 
However, certain undesirable characteristics such as high brittleness and low ductility make 
processing of these alloys into complex shapes a challenge. These characteristics have restricted 
the commercial use of amorphous alloys in structural applications. In lieu, development of these 
amorphous alloys as possible coating materials to make use of their high strength, wear and 
corrosion resistance was investigated. Zr–, Ni–, Cu–, and Fe– based amorphous alloys have been 
explored as coating materials based on desired corrosion resistant [49] and wear resistant 
properties [50]. In particular, Fe– based amorphous alloys exhibit good magnetic properties [51, 
52], high strength and toughness [53, 54], high plasticity [55], corrosion and wear resistance [56, 
57]. Over other amorphous alloys, Fe–based amorphous alloy with composition 
Fe48Cr15Mo14Y2C15B6 exhibits good glass forming ability along with excellent wear and corrosion 
34 
 
 
resistance [56, 58]. Also, this alloy has a low critical cooling rate which facilitates its deposition 
as coatings using thermal spray techniques [59]. Conventional coating techniques such as air 
plasma spray (APS) [60], high velocity oxy-fuel (HVOF) spray [56, 61, 62], kinetic spray [63], 
detonation gun spray [64], along with new approaches such as laser cladding [65], have been used 
to deposit these amorphous alloy coatings. Although these techniques were successful in retaining 
the amorphous phase of these coatings, they have been restricted due to limitations such as poor 
density, oxidation, partial devitrification, and poor interfacial strength between the coating and 
the substrate. Recently, spark plasma sintering (SPS) is increasingly being considered for the 
processing of thick coatings [66-68]. SPS involves the application of uniaxial pressure and 
passing pulsed direct current through the powder kept in graphite dies, and the sintering of 
powder occurs primarily due to Joule heating at the particle contacts [69, 70]. With possibilities 
of sintering at relatively lower temperatures and in shorter sintering times, SPS presents 
significant promise for the manufacturing of amorphous alloys and composites [71, 72]. It has 
also been reported that the activation energy of viscous flow during SPS of Fe-based amorphous 
alloys decreases with increasing heating rate [23, 25]. Since retention of the amorphous phase to 
the maximum extent possible is desirable, the above characteristics make SPS well suited for the 
processing of amorphous alloy coatings in niche applications [73, 74]. While powder metallurgy-
based technologies have been extensively studied for the processing of coatings, the difficulty in 
scalability often limit the broader applications of this processing. The issues related to scalability 
of SPS technologies are well recognized, and significant progress has been made to scale up the 
processes using larger power supplies (up to 50,000 A) and pressing force (2,000 kN). These 
developments indicate the significant promise of SPS technologies in the manufacturing of 
thicker coatings of a range of materials, including amorphous alloys.  
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Objective I- Study of Spark plasma sintering of Fe-based metallic glass as coatings and 
evaluation of tribological characteristics.  
In the present work, processing of Fe-based amorphous alloy (Fe48Cr15Mo14Y2C15B6) 
coatings on Cu–10%Ni alloy using SPS is reported. The coatings are processed at several 
sintering temperatures (575-675 °C), and the effect of SPS sintering temperature on the 
development of phases, microstructure, hardness, and wear characteristics of the coatings is 
investigated. 
 
1.3.2 Bulk metallic glass composites  
Bulk metallic glasses, including Fe-based compositions, are known for their high strength and 
superior resistance to wear and corrosion when compared to their polycrystalline counterparts 
[75, 76]. However, the actual utilization of metallic glasses in structural applications is restricted 
primarily due to difficulty in scalable manufacturing and low ductility of the alloys.  
Among several approaches developed, spark plasma sintering (SPS) presents a significant 
potential for scalable manufacturing of ex-situ bulk metallic glass composites with high general 
ductility [74]. For example, Kim et al. reported substantial improvement in compressive plastic 
strain for SPS sintered Cu-based metallic glass composites reinforced with 20-40 vol.% Cu 
particles [77]. While, the improvement in ductility for the SPS sintered ex-situ composites is well 
demonstrated, the wear and corrosion properties of these composites are not well investigated. 
Kwon et al. reported on wear behavior of SPS sintered Fe-based metallic glass composites 
reinforced with 5-50 vol.% Ni [78]. In this study, Ni was deposited on the metallic glass powder 
using electroless plating prior to sintering, and the volume fraction was controlled by the 
thickness of the coatings. It was observed that the wear resistance of the composites improves 
with reinforcement of 5 and 10 vol.% Ni due to higher toughness of these composites compared 
to monolithic metallic glass. However, the composites reinforced with higher amounts (20-50 
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vol.%) of Ni displayed excessive damage due to accelerated adhesive wear [78].  
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However, systematic evaluation of SPS sintered ex-situ metallic glass composites, especially at 
lower reinforcement contents (<10 vol.%), for both wear and corrosion behavior has not been 
reported. In this study, we investigated the corrosion and wear behavior of SPS sintered Fe-based 
bulk metallic glass (Fe48Cr15Mo14Y2C15B6) composites reinforced with up to 10 vol.% Ni. Instead 
of electroless plating as reported in the previous publication, Ni reinforcement was accomplished 
by mixing the constituent powders prior to SPS sintering.  
Objective II- Study of spark plasma sintered Fe-based metallic glass composites and evaluation 
of its electrochemical and tribological behavior.  
In this study, we investigated the corrosion and wear behavior of SPS sintered Fe-based bulk 
metallic glass (Fe48Cr15Mo14Y2C15B6) composites reinforced with up to 10 vol.% Ni. Instead of 
electroless plating as reported in the previous publication, Ni reinforcement was accomplished by 
mixing the constituent powders prior to SPS sintering. 
 
. 
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CHAPTER II 
 
 
MATERIALS AND METHODS 
2.1 Spark plasmas sintering of Fe48Cr15Mo14Y2C15B6 coatings on Cu-10% Ni alloy. 
Fe–based amorphous alloy powder with overall composition Fe48Cr15Mo14Y2C15B6 (at.%) was 
used to fabricate coatings using SPS on Cu–10%Ni alloy substrates. The amorphous powder 
exhibited a normal distribution of particle sizes with about 90% of the particles in the size range 
of 20-60 μm and a mean size of 40 μm. Differential scanning calorimetry (DSC) analysis of this 
amorphous alloy powder revealed the glass transition temperature of 575 ˚C and the 
crystallization temperature of 653 ˚C [33, 34]. The Cu-Ni alloy substrates used were 15 mm in 
diameter and 4 mm in thickness. The substrates were thoroughly polished using 240, 400, and 
600 grit abrasive papers. A commercial SPS machine (Thermal Technology Inc., Santa Rosa, 
USA) was used to sinter the coatings. Each polished substrate was degreased using alcohol and 
acetone and placed inside a graphite die. About 0.6 g of the powder was placed on the substrate 
and sintered with a uniaxial pressure of 50 MPa, a heating rate of 100 ˚Cmin-1, and holding time 
of 10 min at different sintering temperatures (575, 600, 625, 650 and 675 ˚C). After sintering, the 
samples were prepared using metallographic techniques to facilitate characterization for 
microstructure. A scanning electron microscope (JEOL Ltd, Tokyo, Japan) was used to study the 
prepared cross-sections of the coatings. 
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The average thickness of these coatings was in the range of 300 – 460 µm. Phase analysis was 
carried out using a Philips Norelco x-ray diffractometer (XRD) operating with Cu–Kα radiation 
(λ = 1.54178 Å). A Vickers micro-hardness tester (Clark Instruments, Michigan, USA) was used 
to measure the hardness with a load of 100 g and dwell time of 15 sec. Sliding wear tests were 
performed using a ball-on-disc tribometer (Nanovea, Irvine, CA) with an alumina (Al2O3) ball of 
6 mm diameter as the counter body sliding against sintered coatings (load of 20 N and sliding 
velocity of 200 rpm). Each wear test was run for a total duration of 50 min., and weight loss and 
coefficient of friction was recorded. The worn surfaces were observed under SEM to analyze 
wear mechanisms. 
2.2 Spark plasma sintering of Ni-reinforced Fe48Cr15Mo14Y2C15B6 metallic glass composites  
Fe-based bulk metallic glass powder of composition Fe48Cr15Mo14Y2C15B6 (at. %) and average 
particle size of 45 µm was mixed with Ni powder (Alfa Aesar, USA) of particle size about 2-10 
µm in a ball mill. The composite powders of five compositions (0, 2.5, 5.0, 7.5, and 10 vol.% Ni) 
were prepared. A commercial SPS system (Thermal Technology LLC, USA) was used to sinter 
the composites at 600 ˚C with applied pressure of 50 MPa, heating rate of 50 ˚C/min, and holding 
time of 10 min. A scanning electron microscope equipped with an EDS detector (FEI Company, 
USA) was used for microstructural and compositional analysis. Phase analysis was performed 
using an x-ray diffractometer (Philips, USA) operating with Cu–Kα radiation. Hardness of the 
composites was measured using a Vickers micro-hardness tester (Clark Instruments, USA) with a 
load of 100 g. Dry sliding wear tests were performed on the composite samples using a 6-mm 
diameter Al2O3 ball with a load of 20 N and sliding velocity of 200 rpm (Nanovea, USA). 
Potentiodynamic corrosion tests on the composites were performed using a three-electrode cell 
(platinum counter electrode and Ag/AgCl reference electrode) in 1 N HCl solution with a 
potential sweep rate of 0.167 mV/s.  
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CHAPTER III 
 
 
RESULTS 
3.1. Spark plasma sintering of Fe48Cr15Mo14Y2C15B6 metallic glass coatings on Cu-Ni alloy. 
3.1.1 Microstructure 
Fig. 19 presents the cross-sectional micrographs of the amorphous alloy coatings fabricated on 
Cu-Ni substrates at SPS temperatures 575, 600, 625, 650, and 675 ˚C. The coatings deposited at 
all the temperatures were near fully dense with minor porosity mostly near the surface of the 
coatings. It can be observed that the coatings exhibited good bonding with the underlying 
substrates. Some distributed porosity was observed for the coatings sintered at lower temperatures 
up to 625 ˚C (Fig. 1(b-d)). The interface was not very discernible in the coatings sintered at 
higher temperatures (650 and 675 ˚C), as shown in Fig. 1(e-f). The glass transition and 
crystallization temperature of the Fe-based amorphous alloy used in this investigation are 575 and 
653 ˚C, respectively [79]. It is well known that amorphous alloys undergo significant 
superplastic-like deformation between the glass transition and crystallization temperatures 
(supercooled liquid range). All the above-mentioned coatings investigated in this study were 
either sintered in the supercooled liquid region or pass through this temperature range. As fully 
dense coatings were observed at the lowest sintering temperature of 575 ˚C in the supercooled 
liquid region, there is no further driving force for densification with increasing sintering 
temperatures. 
. 
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The increasing sintering temperature, however, appeared to improve the interface characteristics 
of the coatings. The elemental distribution across the coating-substrate interface is shown in Fig. 
20 and the elemental map is presented in Fig. 21. The EDS analysis designates the presence of 
primary elements in Cu-Ni substrate and amorphous alloy coating. It can also be observed from 
the elemental distribution that the interface is very distinct, and the change in composition from 
coating to substrate occurs over a very small distance (~2 µm). In the case of sintering of 
amorphous alloy coating on Cu-Ni substrate, the inter-diffusion is very limited.  
 
Fig. 19 SEM micrographs displaying (a) representative image of etched surface and interface of 
the coating; and coatings sintered at (b) 575, (c) 600, (d) 625, (e) 650, and (f) 675 ˚C. 
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Fig. 20 EDS line scan across the interface. 
 
Fig. 21 Elemental distribution across the interface. 
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During the process of sintering amorphous coatings, the substrate discs were also heated up to 
sintering temperatures. The interfacial effects were mostly determined by the thermophysical 
properties of the substrate and coatings. For low melting substrates such as aluminum alloys, it 
has been observed that substrate material infiltrates into the overlaid amorphous powder across 
the full thickness (~400 µm) of the amorphous coatings at the sintering temperatures of 560-590 
˚C [68]. In case of Cu-Ni substrates with a melting point of about 1100-1150 ˚C, no such 
infiltration was observed for the sintering temperatures of 575-675 ˚C. It can be inferred that; the 
selection of sintering temperature must be made based on the possibility of retaining the fully 
amorphous structure of the coatings while minimizing the possibilities of material infiltration in 
the coating. The SPS can thus be used to sinter Fe-based amorphous coatings on substrates with a 
melting point about twice the sintering temperature in the supercooled temperature region of the 
amorphous alloy.  
3.1.2 Phase Analysis 
XRD pattern of the raw amorphous alloy powder is presented in Fig. 22. The pattern shows a 
broad diffused peak centered at a diffraction angle (2θ) of about 42.5°, confirming the amorphous 
structure of the powder. The starting amorphous powder was used to sinter the coatings on the 
Cu-Ni substrates to improve the possibility of retaining the amorphous structure in the coatings. 
Fig. 23 presents XRD patterns of amorphous coatings sintered at different sintering temperatures. 
All the coatings exhibited major diffused peak with superimposed crystalline peaks. Please note 
that crystalline phases are highly diffracting compared to the amorphous structure, and hence, the 
coatings are still predominantly amorphous, even with the presence of sharper crystalline peaks in 
the XRD patterns. This is consistent with the featureless microstructures observed for the sintered 
coatings indicating a predominantly amorphous structure. The sharper crystalline peaks were 
observed to be from (Fe, Cr)23(C, B)6 and (Fe, Cr)7(C, B)3 phases. With increasing sintering 
temperature, the intensity of the primary crystalline peak at 2θ=44 ° shows a general increase in 
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intensity with increasing SPS sintering temperature. Also, new peaks appear in the XRD patterns 
for coatings sintering at a higher temperature, indicating increasing devitrification of amorphous 
coatings with increasing sintering temperature.  
 
Fig. 22 XRD pattern of pure Fe based metallic glass powders used to sinter coatings. 
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Fig. 23 XRD patterns of coatings sintered at temperatures ranging from 575 to 675 ˚C. 
 
The reported crystallization temperature of the Fe-based amorphous alloy used in this 
investigation is 653 ˚C. The sintering temperature was measured using a thermocouple placed in 
the die wall (about 2 mm from the internal surface). The temperature at the center of the sample is 
possibly higher than that recorded by the thermocouple. It is well reported that the temperature at 
the center of the die could be as much as 30 ˚C higher than the temperature at the edge of the 
sample [80]. The extent of this overheating depends on the heating rate and is also likely to be 
higher for the sintering of powder coatings on monolithic substrates. It should also be noted that 
SPS sintering even in the supercooled liquid region is reported to result in local 
structural/compositional changes associated with nucleation of nano-scale clusters [79]. The 
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appearance of crystalline peaks in the amorphous coatings sintered in the supercooled liquid 
region is likely due to these localized effects.  
3.1.3 Hardness 
The microhardness profiles along the depth of the amorphous alloy coatings sintered at various 
temperatures are presented in Fig. 24. The average surface micro-hardness values of the coatings 
SPS sintered at 575, 600, 625, 650, and 675 ˚C was 1242, 1168, 1232, 1319, and 1202 HV, 
respectively and is tabulated in Table. 1. The hardness of the Cu-Ni substrate was about 90-110 
HV. While a clear trend in the variation of surface microhardness of the coatings with increasing 
sintering temperature was not established, the hardness remained relatively uniform up to the 
depth of about 200-250 µm in the coatings followed by a continuous decrease to the hardness of 
the substrate. The observed hardness of the sintered amorphous alloy coatings (~1200-1400 HV) 
was close to the hardness of SPS sintered dense monolithic amorphous alloy of similar 
compositions [81]. For example, the hardness of Fe-based amorphous alloy of composition 
Fe49.7Cr17.1Mn1.9Mo7.4W1.6B15.2C3.8Si2.4 processed through SPS is reported to be in the range of 
1150-1250 HV. [71]Various other coating techniques such as air plasma spray [82], high-velocity 
oxygen fuel [58], and detonation gun [64] have been used to process Fe-based amorphous 
coatings. The porosity of these detonation gun sprayed coatings when evaluated using image 
analysis is reported to be ~ 2% [64]. Also, the hardness of Fe-based amorphous coatings 
generated using air plasma spray, high-velocity oxygen fuel, and wire arc spraying was found to 
be in the range of 900 – 1100 HV [62, 83]. On the other hand, coatings sintered using SPS 
showed negligible porosity. SPS appears to be well suited for the fabrication of dense thick 
coatings of amorphous alloys. A comparison of various coatings techniques and hardness values 
of coatings generated from these techniques is presented in Table 2. 
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Fig. 24 Variation in microhardness of the coatings sintered at different temperatures from the 
surface to the substrate. 
Table 1 Variation in micro-hardness values with temperature. 
Temperature (˚C) Hardness (HV 0.1) 
575 1242 ± 150 
600 1168 ± 50 
625 1232 ± 58 
650 1319 ± 135 
675 1202 ± 105 
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Table 2 Comparison of the hardness of coatings generated using various thermal spray 
technologies with spark plasma sintering. 
Process Coating Composition Substrate Hardness 
  (at. % )   (HV) 
Air Plasma Spray Fe40.15Cr18.03Mo21.91C18.25Si1.66 Mild Steel 1100 
High-Velocity Oxygen 
Fuel Spraying 
Fe52.2Cr18.9B16.1C4.0Si2.8Mo2.4Mn1.9W1.7 Mild Steel 930 
Wire arc spraying 
process 
Fe64.82B 20.69Si1.9Cr9.23Nb1.8Mn1.01Y0.55 Stainless Steel 900-1050 
Spark Plasma 
Sintering 
Fe48Cr15Mo14C15B6Y2 Cu-Ni 1200-1400 
 
3.1.4 Tribological Analysis 
The variations of volume wear rate and coefficient of friction (COF) of the SPS sintered 
amorphous coatings with sintering temperature are presented in Fig. 25. It can be observed that 
the wear rate showed a general decreasing trend while the COF slightly increased with increasing 
sintering temperature from 575 to 650 ˚C. It is well established that although amorphous alloys 
exhibit high hardness, they are brittle in nature. For the coatings sintered at 575 ˚C, although 
partial devitrification was observed, the presence of broad halo indicated the presence of 
dominant amorphous phase. The high wear rate of the coatings sintered at 575 ˚C can, therefore, 
be explained by the brittle nature of the dominant amorphous phase. Further increase in sintering 
temperature causes increased devitrification of the coatings as observed from the XRD profiles. It 
has been well established that as nanocrystalline phases formed in the amorphous matrix due to 
thermal devitrification causes hardening and the associated increase in wear resistance [84]. In  
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Fig. 25 Variation in wear rate of coatings with sintering temperature. 
 
fact, the coatings sintered at 650 ˚C exhibited highest surface hardness and lowest wear rate 
among the sintered samples.  
However, when the sintering temperature was increased from 650 to 675 ˚C, a significant 
increase in wear rate was observed. It appeared that embrittlement due to excessive devitrification 
of the amorphous alloy at this highest sintering temperature resulted in severe wear of the 
coatings. Figs. 26 presents the variation of the friction coefficient (COF) with temperature. It can 
be seen that the variation in COF is negligible. Fig. 27 present the low and high magnification 
images of the wear surfaces of the sintered amorphous coatings. The coatings sintered at 575 ˚C 
exhibited deep scratches and grooves along the sliding direction indicative of abrasive wear 
mechanism (Fig. 28(a)). 
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Fig. 26 Variation in the friction coefficient of the coatings with sintering temperature. 
 
These coatings also showed some cracking and chipping most likely initiated at the sites of 
porosity in the sintered coatings. The coatings sintered at higher temperatures showed the 
formation of a scaly layer on the wear surface. The surface layer was relatively continuous but 
cracked for the coatings sintered at higher temperatures (Fig. 28(b)). It is well known that the Fe-
based amorphous alloys undergo surface oxidation under dry sliding wear conditions [84]. As the 
coatings sintered at higher temperatures showed a higher degree of devitrification, it appears that 
devitrified coatings are more susceptible to the surface oxidation during sliding wear. The lower 
wear rate for the coatings sintered at 650 ˚C is likely due to surface hardening and formation of 
surface layer both linked to the higher degree of devitrification in these coatings. On the other 
hand, the coatings sintered at 675 ˚C showed extensive delamination of the scaly surface layer, 
which contributed to higher wear rate for these coatings (Fig. 28(c)). The wear results indicate 
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that the partial devitrification of the amorphous coatings improves the wear resistance by 
introducing surface hardening and formation of the protective surface layer for coatings sintered 
in the range of 575-650 ˚C. However, extensive devitrification observed for coatings sintered at a 
higher temperature (675 ˚C) causes embrittlement and break down of the protective layer, 
resulting in higher wear rate. Furthermore, the wear tests performed at high normal load in this 
investigation did not cause any delamination or fracture of the coating at the interface, indicating 
strong bonding between the SPS sintered amorphous coating and the substrate. However, further 
characterization of the mechanical properties and bond strength is necessary to assess the 
applicability of the proposed approach for the processing of thick amorphous coatings. 
 
Fig. 27 SEM micrographs of worn surfaces of coatings sintered at (a) 575, (b) 600, (c) 625, (d) 
650, and (e) 675 ˚C. 
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Fig. 28 High magnification SEM micrographs of features of worn surfaces for coatings sintered 
at (a) 575, (b)600, (c) 625, (d) 650, and (e) 675 ˚C. 
 
3.2 Spark plasma sintering of Ni reinforced Fe48Cr15Mo14Y2C15B6 metallic glass composites. 
3.2.1 Reinforcement of metallic glasses with ductile phase using ball milling  
3.2.1.1 Microstructure and Phase analysis 
The SEM micrographs and EDS spectrum of SPS sintered Ni reinforced Fe-based metallic glass 
composites (2.5 – 5 vol.% Ni) are presented in Fig. 29 and Fig. 30. The sintered composite 
samples were near fully dense with Ni distributed between the larger metallic glass particles (Fig. 
29 (a)); the primary elements of the composites were also detected in EDS spectrum (Fig. 30). 
The XRD pattern from the un-reinforced metallic glass specimen showed a broad halo peak, 
indicating that amorphous structure was retained with the SPS processing parameters used (Fig. 
31). As shown in the Fig. 32, the XRD patterns from the composites exhibited broad halo peaks 
indicative of the amorphous structure along with superimposed primary peaks from the Ni 
reinforcement [(111) and (200) peaks at about 44 and 52°, respectively]. The intensity of the Ni 
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peaks increased with increasing Ni content in the composites. In addition, the XRD patterns from 
the composites showed some minor peaks, possibly from the intermetallic phases formed due to 
reactions between Ni and constituents of metallic glass at the SPS sintering temperature.   
 
Fig. 29 SEM micrographs of surface of sintered composites with (a) 2.5, (b) 5, (c) 7.5, and (d) 10 
% Nickel. 
  
 
54 
 
 
 
Fig. 30 (a) High magnification SEM image exhibiting dense composites, and (b) EDS analysis at 
a spot as indicated in (a). 
 
 
Fig. 31 XRD pattern of monolithic amorphous alloy disc sintered at 600 ˚C. 
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Fig. 32 XRD patterns of composites with varying nickel content. 
 
 3.2.1.2 Hardness  
The microhardness of the sintered un-reinforced Fe-based metallic glass was observed to be in the 
range of 1200-1400 HV (Fig. 33), consistent with previous reports [85]. As Ni is a relatively 
softer phase with a hardness of about 120 HV, the hardness of the metallic glass composites 
continuously decreased with increasing Ni reinforcement content from 2.5 to 10 vol.%. The 
microhardness of composites reinforced with 2.5 and 10 vol.% Ni was about 1150 and 890 HV, 
respectively.  
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Fig. 433 Variation in microhardness of the composites with nickel content. 
 
3.2.1.3 Corrosion behavior 
The results from potentiodynamic polarization tests in 1N HCl solution are presented in Fig. 1(d). 
The sintered Fe-based metallic glass specimen displayed a smooth polarization curve with 
corrosion potential (Ecorr) of -0.22 V and corrosion current density (Icorr) of 0.21 × 10-6 A/cm2. The 
low Icorr can be attributed to the homogenous disordered structure of the metallic glass and is in 
good agreement with previous reports on as-cast Fe48Cr15Mo14Y2C15B6 metallic glass tested in 
HCl solution [86]. On the other hand, the corrosion resistance deteriorated with the reinforcement 
of Ni in metallic glass composites as indicated by a decrease in corrosion potential and increase in 
corrosion current density. Clearly, the presence of Ni and other reaction products in the sintered 
composites create local galvanic cells and also introduce interfaces, accelerating localized 
corrosion. While no clear trend was observed in term of the effect of reinforcement content on the 
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corrosion potential and current density of the composites, the specimens with lower 
reinforcement content (2.5 and 5 vol.% Ni) appear to exhibit some degree of passivation between 
-0.40 and -0.25 V before entering into the transpassive region.  
 
Fig. 34 Potentiodynamic polarization curves of composites with varying nickel content in 1N HCl 
solution. 
 
The samples S2.5 and S5 exhibited a stable passive zone from -0.42V to -0.23V and -0.39V to -
0.27 V respectively before developing into a trans passive region, S7.5 and S10 samples 
demonstrated a gradual evolution into the trans-passive region, without indicating the presence of 
a distinct passive region. Moreover, all samples exhibited a stable trans-passive region after 4.5 × 
10-6 A/cm2 with similar slopes (of Tafel plots) as seen in Fig. 34.  
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3.2.1.4 Tribology 
The wear rates of SPS sintered monolithic metallic glass and its Ni reinforced composites are 
presented in Fig. 35. As the hardness of the composites decreased continuously with increasing 
Ni content, it was expected that the wear rate would follow the similar trend in accordance with 
the Archard’s wear law. However, the composites reinforced with 2.5 and 5 vol.% Ni exhibited 
lower sliding wear rate even though these composites have lower hardness compared to 
monolithic metallic glass. At higher Ni reinforcement content (7.5 and 10 vol.%), the wear rate of 
composites is significantly higher than that for monolithic metallic glass. To investigate the wear 
mechanisms, examination of the wear surfaces was performed (Fig. 36). The wear surfaces of 
monolithic metallic glass showed deep grooves in the sliding direction indicative of abrasive wear 
behavior. It is also well recognized that dry sliding wear of Fe-based metallic glass causes surface 
oxidation, observed here as well by the presence of dark patches on the wear surface. The wear 
surface also shows microcracking, especially along the edges of these oxidation patches. As Fe-
based metallic glass has a very low fracture toughness (3-4 MPa√m)[87], continued sliding 
causes brittle fracture of larger flakes of material from the wear track. The metallic glass 
composites with lower reinforcement content (2.5 and 5 vol.% Ni) exhibited relatively smoother 
worn surface covered with very fine surface debris (Fig. 36(b)), indicative of uniform material 
removal. The higher wear resistance of the composites at these reinforcement levels appears to be 
the direct consequence of expected improvement in fracture toughness due to softer/tougher Ni 
reinforcement; the fracture toughness of Ni is reported to be in the range of 80 to110 MPa√m. At 
higher reinforcement contents (7.5 and 10 vol.% Ni), the composites showed a relatively 
smoother surface with distributed regions (darker patches) of localized severe material removal 
(Fig. 36 (c)), indicating severe adhesive wear as reflected in high wear rates for these composites 
[78]. Clearly, the wear mechanism transitions from predominantly abrasive to adhesive with 
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increasing Ni content, with composites reinforced with intermediate Ni content (5 vol.%) 
showing optimum wear resistance among the compositions investigated in this study. 
 
Fig. 35 Variation in wear rate of composites with the volume fraction of nickel. 
 Additionally, micro-cutting was observed at the edges leading to the cracking of these patches 
and formation of microscopic debris of 3µm in size agglomerated (cold-welded to) on the surface 
as observed in Fig. 36(c) & 36(d) indicating adhesive wear phenomenon. Hence, the wear 
mechanism was a combination of both abrasive and adhesive wear with the S5 sample exhibiting 
the lowest wear rate. Thus, it can be concluded that although nickel reinforcement improved the 
toughness, upon reinforcement beyond 5% volume fraction, the decrease in wear resistance due 
to a decrease in hardness of the composite dominated the wear rate more than the improved 
toughness of the matrix that was reflected in the increase in wear rate. Therefore, reinforcement 
of nickel to 5% appears to be a highly promising technique in improving the wear resistance of 
the composites by toughening the matrix. 
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Fig. 36 SEM micrographs of worn surfaces of composites with (a) 2.5, (b) 5, (c) 7.5, and (d) 10 
% nickel.  
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3.2.2 Electroless deposition of Nickel as a coating on Fe-based metallic glass powders 
Nickel as a reinforcement was found to improve the plasticity of Zr-based metallic glasses. As an 
alternative to crystalline reinforcement, the effect of electroless deposition of nickel as a coating 
on Fe-based metallic glass powders was studied in this experiment. The Fe-based metallic glass 
powders were immersed and coated in a commercially available electroless nickel solution. The 
nickel can be found to be deposited as a layer of 6 µm around the metallic powders. The powders 
were systematically cleaned before and after the coating process. The coated powders were then 
sintered.  
3.2.2.1 Microstructure 
The SEM micrographs of the coated powders are displayed in Fig. 37. It can be clearly seen that 
the coating on the powders is not as uniform as desired. Although the average thickness of the 
coating was measured to be 6 µm, agglomeration of nickel was observed around certain particles. 
Different methods were employed to mix and stir the powders in the solution during the coating 
process to ensure uniform deposition of nickel on the powders. However, due to insufficient time 
during which the powders were suspended in the solution, the coatings were obtained only on 80 
% of the surface area of the powders. The coated powders were sintered, and the microstructure 
of the composite was analyzed. As seen in Fig. 38 the microstructure of the composite clearly 
displays severe agglomeration of nickel in the matrix. Fe-based metallic glass powders can be 
seen inside the nickel pool. Failure to achieve uniform distribution of nickel can be responsible 
for the poor corrosion and wear performance of the metallic glass composites. 
3.2.2.1 Phase Analysis 
The phase analysis of the sintered composite is exhibited in Fig.39. It is evident that a crystalline 
peak is superimposed over a halo diffraction peak, that corresponds to the amorphous phase of the 
metallic glass matrix in the composite. The possible intermetallic phases formed in the composite 
are indexed to their corresponding peaks in the XRD pattern. As Fe constitutes a major fraction of 
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the metallic glass composition, it is believed that most of the phases formed are of the type 
FexNiy.  
 
Fig. 37 SEM micrograph of electroless nickel coated Fe-based metallic glass powders. 
 
Fig. 38 SEM micrograph of sintered electroless nickel coated Fe-based metallic glass powders. 
 
However, as the commercial electroless nickel solution used to coat the metallic glass powders 
contains 5 % phosphorous, it can be assumed that a fraction of phosphorous is present in the 
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nickel deposited on the powders. However, the presence of phosphorous in any of the 
intermetallic phases is debatable and open to speculation, due to the overlapping of those phases 
with other intermetallic compounds. 
 
Fig. 39 XRD pattern of electroless nickel coated and sintered Fe-based metallic glass composites. 
 
3.2.2.2 Wear and Corrosion analysis 
The electrochemical behavior of the sintered composites is presented and compared with that of 
the monolithic alloy in Fig.40. Contrary to the behavior exhibited by the composites containing 
crystalline nickel, these electroless nickel reinforced composites display corrosion resistance 
close to that of the monolithic alloy. This superior corrosion resistance can be attributed to the 
presence or lack of electroless nickel. It is believed that the nickel deposited around the Fe-based 
metallic glass particles was inhomogeneous, resulting in the lack of uniform distribution of nickel 
in the composite. Therefore, it is concluded that the volume fraction of nickel present in the 
composite is not sufficient to influence the corrosion behavior significantly. In addition, as 
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electroless nickel exhibits a crystallization temperature around 400 ˚C, the nickel in the sintered 
composite, even in minute volume fraction, is crystalline and therefore causes deteriorated 
corrosion performance when compared to the monolithic alloy. 
 
 
Fig. 40 Potentiodynamic polarization curve of electroless nickel reinforced Fe-based metallic 
glass composite. 
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Fig. 41 Comparison of wear rate between monolithic alloy and electroless nickel reinforced 
metallic glass composite. 
 
Fig. 42 Variation in friction coefficient with sliding distance. 
66 
 
 
The sliding wear behavior of the sintered composites is compared to that of the monolithic alloy. 
Although the wear rate of the composites is lower than the monolithic metallic glass, the value is 
comparable to the wear of pure metallic glass alloy from other experiments. The trend in variation 
of friction coefficient also represents the theory of running in and steady-state conditions of 
friction coefficient with sliding distance, observed in most metallic glasses. This not only reveals 
the dependence of wear tests on various testing conditions but also questions the presence of the 
nickel in the composite. 
 
67 
 
 
CHAPTER IV 
 
 
CONCLUSIONS 
4.1 Conclusions from Spark plasma sintering of Fe48Cr15Mo14Y2C15B6  metallic glass powder 
on Cu–10%Ni alloy. 
Processing of Fe-based amorphous coatings of composition Fe48Cr15Mo14Y2C15B6 on Cu–10%Ni 
alloy substrates is reported using spark plasma sintering. The sintered coatings exhibited high 
density with hardness (1200-1400 HV) close to the sintered monolithic bulk amorphous alloy of 
similar compositions. While the sintering temperatures (575-675 ˚C) recorded using a 
thermocouple placed in the die were in the supercooled liquid region of the alloy, partial 
devitrification of the coatings was observed. The degree of devitrification in the amorphous 
coatings as observed in the x-ray analysis increased with increasing sintering temperature. The 
volume wear rate of the coatings showed a general decreasing trend with increasing sintering 
temperature in the range of 575-650 ˚C due to surface hardening and formation of a protective 
surface layer associated with partial devitrification. The coatings sintered at a higher temperature 
(675 ˚C) exhibited significantly higher wear rate due to embrittlement associated with excessive 
devitrification and delamination of the protective surface layer.  
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4.2 Conclusions from spark plasma sintering of Ni-reinforced Fe-based metallic glass 
composites. 
In this study, the effects of increasing Ni reinforcement content (2.5 to 10 vol.%) on 
microstructure and corrosion and wear behavior of SPS sintered Fe-based bulk metallic glass 
composites are investigated. The composites exhibited dense microstructure while retaining 
predominantly amorphous structure of the matrix. While all the composites exhibited lower 
corrosion, resistance compared to monolithic metallic glass, the composites with lower 
reinforcement content (2.5 and 5 vol.% Ni) showed some degree of passivation in HCL solution. 
As Ni is a relatively softer phase, the microhardness of the glassy composites also decreased 
continuously with increasing Ni reinforcement content. In spite of their lower hardness, the 
composites with lower reinforcement content (2.5 and 5 vol.% Ni) exhibited improved sliding 
wear resistance due to higher toughness of the composites. The transition in wear mechanism 
from predominantly abrasive to adhesive at higher Ni content resulted in severe wear of the 
composites. The results show that Fe-based metallic glass composites with lower reinforcement 
content (2.5 to 5 vol.% Ni) are promising in applications where optimum corrosion and wear 
performance is desired.  
In conclusion, spark plasma sintering can be used as an effective manufacturing method to sinter 
dense Fe-based amorphous alloy composites and coatings that exhibit high hardness, superior 
wear resistance, and controlled corrosion resistance. 
. 
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